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ABSTRA(:’J’

A 9 ~ln] cutoff 640x484 hand-held (]112111(1111) well inftatcd  phOtOdCkCtOl (~wlp) calilel’a h~S been dCIllOIIS(I’~kd.

}ixccllcn(  imagery, with a noise cqujvalcnt diflcren[ial  tcn]pct-aturc  (Nt M3’) of 43 n~K has been achicvecl. in this paper,  wc
discuss the development of this very sensitive long w’avclcngih  in fiatcd (1 .WIR) canwt-a based on a GaAs/AIGaAs  QWIP
focal plane array (}:}’A) and its pci-formancc  in quantum cfficicncy,  Nlkl’1’,  unifwmity, and operability.

KEY WORIM:  Intcrsuhband ‘1’ransitions,  lnfrarcd (l R), 1.OI)g-\\I[~\Jclcr]gIII  Infrared (1 WIR),  Gallium Arscniclc
(GaAs),  Quantum Well lrrfrarcd Photodetector (QWIP),  Jk)cal l’lane Arlays, Noise };cjui~alcn(  ‘1’cn~pcraturc Diffcrcncc
(N1iA1’),  Inft-ared  Imaging Camcm

lN’1’RO1)LI(:’1’ION”

Fabricated entirely from large bandgap materials which at-e easy to grow and process, it is now’ possible to obtain
large uniform focal plane arrays (F’1’As)  of QW1t’s tuned 10 detect light at wfavclcngths  from 6 to 25 pm in the CiaAs/AIXG~.X

l’-dl Irnpro},ing  QWJP pcr-fmmancc depends largc]y on minimizing (11c parasitic current that plagues allAs nlakrial  system .
light dctccm-s, the dark current (the current that flow through a hiascd dckx(or in (hc dark, i.e., with no photons impinging
cm it). As we Imvc discusscci clscwhct-e  [5,6], at tcmpcraturcs above 45 K, the dark current of the QWIPS  having cutoff
wavclcnglhs in the 8- I 2 }Lm spectral region  ale cn(ircly d(minztkxl by classic thcrmionic cruission c)f ground slate electrons
into the cncr.gy continuum. Minimizing (his dark current component k ct-itical to the cmnmcrcial success of the QWIP  a$ it
allows the high[y-desirable }~igh-tcl~~~>crt~tllrc camera operation.

I’hcrcforc,  wc have designed the bound-tw
quasi tmund quantum wII by placing the firsl excited state
exactly at the well top, ‘1’hc  previous QW1l’S were called
the bOllrlC1-to-COrllir  lLILllll, bccausc  the first excited sla(c was
a continuum enct ~y band above the well top (typically 10
mcV). IMopping the first cxcitcd state 10 the well top
causes (IK barrier to thcrmionie  emission (roughly the
energy height fronl  tllc ground stak  to the well top) to bc -
10 meV more in OLII bc)Llrlcl-to-c]LlasiboLl!](l”  QWII’ than I!)
the t>c)Llr~cl-to-cc)rltil lLILllll  one, theoretically causing the dark
currcn( to drop by a factor  of - 6 at a tcn)pcr-atLlrc  of 70
K[5-7].  ‘1’hc clark cllrlcl~t-~’c)lt:lgc curve of  the  8.3 prtl
peaked bc)Llrlc!-to-clLlasib(  JLlllcl QWIP is s}mw’n  in ~;igure ].
‘1’his compares wfcll with the factor- of - 6 drop wc h:~vc
cxpcckd  from the thcmetical cs[inlations.

TICSrl’  STRllCrl’(JRlt  RFXIJI  .1’S

~{ZICh fTCtiOd Of thC lllLll[i-CjLl;lI)  tlllll  \\’C]) ( M Q W )
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n- 5x I ()’7 cnl-3) and a 500 ~ barrier of AI(J,3G07As.  Stacking idcnlic:d clwntLlnl  welts (tyt~ically  50) twwthcr inc~ea~es
photon absorption. Ground state clccwns arc provided in (k detector by doping the GaAs WCII layers with Si. ‘Ibis
photosensitive MQW s(ruc(urc is sanclwiclted  bctwccn  0.5 pm GaAs top and bottom contact layers doped n = 5X101 7 cn]-3,
grown:m a scn]i-insulating  GaAs substrate by molecular beam cpi(axy (M B1l). “1’hcn a 0.7 pm thick GaAs cap layer on top of
a 300 A Alo,qCJaO.7As  stop-e~ch layer was gt’wn  ill .Sifl( on top of tbc dcvicc structure to fabricak  the light coupling optical

cavity. ‘l’he MBli g[-own  QWIP struc(urc was processed into 200 pm diarnctcr  nlesa test structures (area = 3.14 x 10-4 en?)
using wet chemical etching, and Au/Gc obmie contacts were cvapora[cd  onto the top and bo[tmn  c(mtact layers.

‘1’hc detectors were back illun~inated  through a 45”
fmlisbcd facet [5] and a rcsponsivily  spcclrum  is shown in
Figure 2. 2’IIc responsivity  of the detector  peaks at 8.3 pm
all(l tllc peak rcspc)nsivity  (Rp) of thc dctcct~)l is 124 II]A~V

at bias V ~] = -2 V. ‘1’hc spectral width and (I1c cutoff
w a v e l e n g t h  a r c  Ak/k  = 10Yc a n d  AC = 8.8 pm

rcspcctivcly. l’hc bias dependent peak rcsponsivity of the
dctec(or  was measured, and it is small, up to about VII = -
0.5 V. Beyond that it increases nearly linearly with him
reaching Rp = 179 n~A/W at VII = -5 V. l’his type of
behavior of rcsponsivity  versus bias is typical for’ a hoLlnd-

to-quasi fmund QWIP.  l’he peak quantum efficiency was
17.5% at bias VII  = -2 V for a 45” double pass. ‘1’hc  Iowcr
quantum cfflcicncy is due 10 the lower well doping density
(5x10’7  en-j as it is necessary 10 suppress the dark cur-rcn(
at the highest possible operating tcmpcratum.  A peak
quantunl efficiency as high as 25% has alr-cady been
achicveci witi~ regular wcii cioping cicnsily (i.e., i x 1 O]s cnl-
3). Ihrc to lower rcaciou(  n~ultiplcxer wcil dcpti~ (i.e., 9x1 06

g, loot

J,\_._:
cicctrons) alowcrciark  current isn~andatory to achicvc a higilcr”  operating tcmpcraturc. In this case, the higilcst operating
tcmpcraturc  of 70 K was cictcrrnincd by tile cooling capacity of the liquid nitrogen laboratory dcw’ar.  l’hc operating
tcnlpcra[ure  of70K krsbccn  acljicvedby  pumping on iiquid ni~it)gcn.

“1’hc pl~otocollcillctilc g,ain g was cxpcrimcntaliy  cicterrnincci usingrsl g = i: /4e1i)11 + l/2N, wbcre B i s  t he
n~casurcmcnt  banciwicith,  N is tile number of quantum WC[[S, and ill is tile current noise, ivhich was nlcawrcd  using a
spectrum anaiyzer.  l’hc pllc>tc)cor~clucti~(c  ~~in of thccictcctw  rcaci]c(i 0.98 at V}) =-5 V. Since ti~c gain of QWIP is invcrsciy
proimrtional  totltc ntrr~~bcrc)fclllar]llrrll  WC1lSN, ti~cbcttcr  comparison \\’otllcib ctllcw’clic  ~\l~tLlrcp rollability pc, whichis

IXIi)y ~= i~pc. -ll)cc:ilcLliatc(  i\\,eii Cai)[llrc  [}rob~it)iii[icsarc25Yc  at 10Wbi N(i.c., vIl =  ‘1 v)an~iciircctlyrclatcd totbc g a i n
2% at i~igb bias (i.e., VII = -5 V) which iaciicatc the cxccllcnt  ilot-electron transport in ti~is device structure. T’hc peak

dctcctivity isciefinecias  D~, = Rl, ~AB / i”, whcr-c  Rp is the peak ~-csponsivity.  ‘1’hc mcasurcci peak cictectivity at bias VB

–-d. OVancit cnlpcraturc  ~’=: 70K is” l.$Sxl O’i cr~~~}l?hV."  l`k~cscc  ictcct()r-ss  }~()\\'t  lackgrc)Llrlcii irl~it(`c[p crfc~r-l~~al~cc( F}I. I[')at—

bias VII  = -2 V and tcrnpcraturc  ‘I’ = 73 K fc)r 300 K backgc(~urici  with f/2 optics.

QWIPIM  AGING  F’OCAI. l)l.ANK ARRAYS

It is well known ti~at QWIPS do not absorb raciiation  incident nor-ma]  totbc surface unless ti~c lR raciiation  i~as an
electric ficici component normal to the layers of supcrdatticc  (gtt)wli~ ciircction) [5]. As wc have discusscci  before [5,9] n~ore
IR light can be cc) Llpicdlc~ti~c QW1l’(letcctc)r  structure by incorp(miting  :tt~i{)ciir~~cr~sic~l~al grating surfac con topcrf  ti]c
cictcckms  w’i~ich aisoremovcs  thcligilt  coupling iin~ita[ions  and rlmkcs t~;’()(iirl]crlsi()rlai QWIP  imaging arrays feasible. I’his
two ciirncnsional  grating structure was fabricated on the detectors by using standard pl~c)tolitlloglal]l~y an(i C. C121;2  selcctivc
dry ckhing.

After tbc 2-1) grating away was defined by the [Iil{)[c)li[i]c)gt[llllty  anti ciry ctcbing, tbc [)i)c)tocor]cillcti~,c  QWIPS of the
640X484 1~1’As were fabricated by WC(  ci~crnical etching ti]rc)ugh the pholoscnsitivc  GaAs/AixCial  -XAS  ll~Lllti-qLl;tr~tLlr~~  weli
layers into the O.5 pm thick doi>eci  GaAs bottom contact Iaycr. ‘1’i~c pi[ci) of the l~PA is 25 pm anti the actual pixci size is



.
.

18X 18 }IIU2.  ‘1’hc cross g[-stings on top oi’ the dctwt{ms  WCI-C then covered with Au/Gc and ALI for C)hmic  contact and
rcflccticrn.  FigLlrc 3 shows twelve proccsscd  QW1[’  11’1’As  on a 3 inch GaAs waler-. ]ndium bLIn~ps were then evaporated on
top of tbc dckctors  for Si readout circuit (ROC) hyhridintion,  A sin,gk  <JWIP I;I’A was chosen and }~ybridizcd (via inciium
bun~pbonciing process) to a 640X4X4 CMC)S  multiplexer (Amber Ali- 18 I ) and biased at VB = -2.0 V. IJigLlrc  4 shows a size
comparison of this Iargc area lcJI~g-wJ:I\Jclcrlg[l]  QWlf’ lJ1’A to a clual-tcr,  At tcrnpcratures  bclrrw, 70 K, the signal to noise ratio

F’ignrz> 4. A si:c  rmtywrisa of the 640 x 484 lotlg-biot,e[etigtll

Qli’1[’ /’t’A III  CI qm,t[ot. ‘ ,  ; )
1[ [ !,

of the systcm  is Iimitcd  by art-ay n o n - u n i f o r m i t y , ,  ‘
rnultiplcxer readout noise, and photo current (photon flux)
noise. At tctnpcratLlrcs  above 70 K, temporal noise due to
the QWIP’S  higher dark curren[  becon~cs the limitation. As’
mentioned car-lier  this higher dark current is duc to
thcrmionic  emission and thus caLlscs the cbargc storage
capacitors of the readout circuitry to saturate. Since the
QWIP  is a high irnpcdancc  dcvicc, it should yield a very
high charge i[~jcc[ion coupling efficiency into the
integration capacitor of the multiplexer. In f’act Bcthca et
al. [2] h:lvc demonstrated charge inicction cfficicncics
approaching 9054. C%argc  injccticjrr  efficiency can bc

obtained from [3]

~r,, RI)tf11,,,1 =-–--——_[..-r_
l(JL).,R,):’1+ ~r,,  R1)c[ ]+ :

1+ ~,,,~l)c.[ (1)

where grll is t}~ctrar~scor~clLlct:it~cc of the MC) SIJIYI’  and it is given by gill =cl IJct/k’I’. ‘1’hccliffcrcntial  rcsis[ancc  R1)C1 of the

pixclsat  -2 Vbiasis 5.4x10100  hn~sat  ‘1’=70  K :triclclctcctor-c ;~l]:lcitarlcc C’I)C[  is 1.4x1 (F]4 l;. 3’hcdctcctrr  rdarkcLrrrcnt
II)ct=  24pALrrlclcr  tl~csall~c c)pcratirlg cc~r~cliti(~r~s. Accc]rclir~g t~)eclLlt\ticJrl (l)tl~c  cllz\rgc il~jccti~>l~  efflcicr~cy l~ir,,  =99.596at

afrarllc  r~itcof 30 E1?.’I’hc F’l’A  w’asb:lck-i]lLrrr]  ir):itcc[  t})rc)Lrgl) the hat thinned substrate n]crnhranc (thickness =1300~).
‘1’his thinned GaAs I~PA n~cmbranc  has conlplc[cly eliminated the thcr-mal rnisrnatch bctwccn the silicon CMOS readout
rnultiplcxcr  anti the CJaAs based QWIP l~PA. Basically, the thinrwi CJaAs based QWIPIYA  rllcn]brane adapts the thcrrnal
expansion and contraction cocffrcicnts of the silicon readout nlLrlliplcxcr. ‘1’hcrcforc, this thinning has piaycd an cxtrcrncly
in]portantrolc  in the fabrication of largcareaI~PA  hybrids. in addition, this thinning t~;iscor~lplctcly  clill~ir~atcci thcpixcl-trr-
pixclcr-os  stalkofthcl:l’A.  'l'l~is ir~itial  zir-rt\y  g:i\rccxcclicr~  til~~agcs \vitl~99%(  )fti~cp ixcls\\,()rkir~~,  clcrllor~str~ltir~gt  llc}~igll
yiclci of GaAs technology. “1’hc operability was defined as the pcrccntagc of pixels i]aving noise equivalent cliffcrcntiai
tcr])ilcr”:ltLrre  ]csstt)arl 100n~K at~()OK tl:lckgr C) LlrlCl;ltlCi irlttlis c:l$c(Jl>cr:lt> ililytlllllllclls t()bccclLral tc)ttlc J>ixcl yiclci,

W’e have uscci the following equation to calcula{c the noise equivalent tcnrpcr-aturc diffcrcncc  (N1iA1’)  of the I’1’A.

~, ~q. = _.----_. _.-.J!!?_:
D~i(dP,, / drl’)sin’(~  / 2) (2)

.1

,/ ,’
.  “.
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where 1~~1 is the blackbody dc(cctivity, d~l, /drJ’ is the derivative of the intcgra(ed  blackbody power with respect to

ten~pct-atLlrc,and 0 isttlcfielcl  cJf\'icw' allglc[ i.e., sil12(@ /2)= (412+1)-  l,\vtlct-c fistlle fr~lllllbcr  clfttlc cJI>tical systc1l~].  l’hc

backgroLlr~cl tcl~~peraturcl’~ = 3[)OK,  tl~earc:l c) ftllc}>ixcl  A= (18~[111~, ttlcfrlLllllbcr C) ft}lcoJ)tic:il systelll is2.~,  arlCitllc
franlc rate is 30 HY. F’igurc 5 shows the experimentally mcasuwd N1;A1’ of (hc 1’1’A at an operating tempcratorc of 1’ = 70 K,
bias V~ =-2V for300Kbackgrouncl  and[hc  mean value is43mK.’  l’hisagrccsr casonably  w,itl~(~Llr estill~ated \alLleof
251]~Kbased  orltcst  structure  data. rl't~ccxI>critl~  cl~tally l~]casurccl pc:\k(lLlar~tLlll~  cfficicI~cy oftl~e}:I'A wras 2.3% (Iowcr focal
plarrc array quantum efficiency is attributed to 51% fill factor and 30% rc[lcctiorr  loss frrrnl the GaAs back surface).
I’hcrcforc,  thcccrrrectcd  quan[um cfficicncyof  afocal  plar~cclctcct{)  rsis6.5%a  r~cltl~isc c)rl-cspor~clst  t)ar~a\'cragcc  Jfor~cp ass
of IKradiatiorr  (cquivalcnt  toasinglc45° pass) tllrc)llgtl ttlcpll[)i()scrlsiti\rc Illlllti-qLlantulll w'cllrcgic)rl.

~i’()~A],  ]~]JAN]~  AR~A~  ~;A~~l<:~A

A 640X484 QWII’  FYA hybrid was nloLlntcd onto a 84-pin Icacl-less chip carrier anti installed into laboratory dcwar
which can bc coolcci by liquid nitrogen, to demonstrate a I.WIR imaging camera. ‘1’hc  other element of the can~cra is a 100
mm focal Icngth AR coated gcrtnanium  Icns, which gives a 9.2 °x6.90 flcld of view. It is designed to bc transparent in the 8-
12 pm wavelength rarrgc,  to bc compatible with the QWIP’S  8-9 pm opcr-atioa. ‘1’hc digital acqLrisition resolution of tbc
can~cra is 12-bits, which dctcrmincs the instantaneous dynamic range of the camera (i.e., 4096). }lowcver,  the dynamic range
of QWIP is 85 I)ccibcls.

‘1’hc rncasLrrcd rncan NF211’  of the QWII’  camera is 43 rl~K at an operating tcrnpcraturc  of ‘I’= 70 K and bias VII = -2
V, for a 300 K background. The oncorrcctccl  NI~A1’  ~~{11]-tlr~ifc)l-ll]ity  (which includes a 1 % nc)r~-Llt~if(>r-ll~ity of the ROC and a
1.4% nm-uniforrnity  duc to the cold-stop in front of the l;PA not yielding the sarnc field of view to all the pixels) of the
309,760  pixels of the 640x484 l~PA is about 10% (= sign~a/mean). IJigLirc 6 shows the noise histogram of this first
unoptimimd  640x484 QWIP  l:l’A. l’hc nrrn-uniforrnity after two-point (17° and 27” C.clsius)  cortcction  improves to an
impressive 0.1 %. As nlcntioned  earlier, this high yield is dLIC to the exccllcnt C]aAs growth Llniforrnity  and the rnaturc C1aAs
proccssin.g  technology.
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Video images  wcr-c taken at a ft-arnc  rate of 30 H?
at temperatures as high as ‘1’ = 70 K, using a ROC. capacitor
having a charge capacily  of 9x 106 clcclrons (the n~axinlurn
nLrn~hcr of photoelectrons and dark electrons (hat can bc
counted in the integration time of each detector pixel).
}:igLlrc 7 (a) and (b) show two flarncs  of video image taken
with this lol~g-v,~i~’cler~gttl  640x484 QWIP can~cra. I~ig Llrc
7(a) shows a man’s face wilh a Yvarm  n~ustachc which was
heated by a hot air- blower. It also shows the hot air
crnanatir)g  from the air blower. I~igLlrc  7(b) show’s  a cold
hand of a per-son who nlorncntarily  touched a cold soda can.
‘1’bcsc images demonstrate the high sensitivity of the
(AOX4S4  lor~g-~)’:lvclcr~gtll  QWII’  staring away camera.

It shoLI]d  bc noteci that t}lcse initial unoptirnizcd
1’1’A  rcsLllts arc far- from optimum. l’hc light coLlpling
gratings ucre not optimized (as dcscribccl  earlier) for
nlaxirnum light coLrpling efficiency; no anti-reflcctiorr
coatings  were LIscd on the backside of the IJ}’A;  and finally
the rnLlltiplcxcr used wms not optimized to sLIpply the propcr-

bias r-cqLrircd by l~l)otocor)clLlctivc”  QWIPS (i.e., AI;-1 81 was
optin~i/ed for photovoltaic InSb l~PAs). lll~l~lcll~cr~tatior~ of
tbcsc in~provcrncnts  should significantly enhance the QWIP
1’1’A operating tcrnpcratLlrc  (i.e., 77 K for 9 pm).

A(:KNO\$’I.ltl)  ChlI’;Nrl’S
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